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ABSTRACT 


We  have  carried  out  ^he  first  high  resolution  cw  CARS  mcasure- 

'fs/j  ! ■ -.I'  • 

ments  of  and  CHj^  / -©wr  preliminary  experimental  results 

have  verified  the  predicted  CARS  signal  strengths  and  CARS  line- 
shapes.  Oar' measurements  have  shown  that  ultra-high  resolution  Raman 
spectroscopy  by  the  cw  CARS  method  is  a very  useful  spectroscopic 
tool . 
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COHEm^riT  ANTI-STOKJ;S  R/aiAII  SraCTROSCOF/ 

I.  INTRODUCTION 

With  the  publication  of  "Coherent  Anti-StoKes  Ramon  Spectroccopy"  by 
R.F.  Begley,  A.B.  Harvey  and  R.L.  Byer  in  197*^;^  CAR  spectroscopy  emerged 

as  a tool  of  real  interest  to  chemists  and  Raman  spectroscopists.  Subsequent 

2 q 1 >5  6 . „ 

publications  served  to  more  fully  describe  the  potential  of  tunable 

lasers  applied  to  this  coherent  form  of  Raman  spectroscopy.  Thus,  CAR  spect- 

7 

roscopy,  which  had  been  discovered  over  a decade  ago  by  Maker  and  Terhune 

8 ^ 

and  recently  investigated  by  Levenson  and  DiMartini^  is  being  actively  i 

pursued  by  a number  of  spectroscopists.  The  impact  of  this  method  of  Raman 

Spectroscopy  has  now  penetrated  the  commercial  suppliers  of  tunable  laser 

sources  v/ho  have  responded  by  assisting  whenever  possible  in  making  equipment 

available  for  preliminary  investigations. 

The  advantages  and  disadvantages  of  CAR  spectroscopy  have  been  discussed 
•a 

in  the  literature,-^  Briefly,  CAR  spectroscopy  offers  higher  conversion 
efficiency,  greater  resolution  and  significantly  better  fluorescence  suppression 
than  incoherent  Raman  spectroscopy.  These  advantages  have  been  demonstrated  in 
recent  experiments.^  However,  to  dale  CAR  spectroscopy  theory  and  experiment 
have  not  been  quantit.'itively  compeared  in  detail.  Tlio  thrust  of  this  program  is  | 

to  carry  out  detailed  Uieorctical  analysis  and  careful  single  mode  quantitative 
experiments  to  verify  the  CAR  spectroscojiy  method. 

^ 


II.  BRIEF  REVIEW  OF  CARS  THEORY 


A.  Introduction 


For  reference,  the  theory  of  CAR  scattering  is  briefly  summarized  here, 
The  driving  polarization  is 


(7  ) «- 
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For  Raman  scattering  the  input  fields  are  the  pump  electric  field  squared, 

* 

(EpEp)  and  quantum  noise  at  the  Stokes  field  E^  . Thus  the  above  polari- 
zation describes  Raman  scattering  when  used  in  Maxwell's  Equations  driven 
by  the  polarization  P . For  CAR  spectroscopy 


X^5^(Raman)  = [X^^^(CAR)]' 


and  the  quantum  noise  field  E^  is  replaced  by  a coherent  field  from  a 
tunable  laser.  CAR  spectroscopy  is  thus  a mixing  process  that  proceeds 
with  a conversion  efficiency  proportional  to  |X''^(CAR)  | . Since  all  fields 

are  coherent  phase  is  important  and  the  process  obeys  the  energy  and  momentum 
conservation  rules  previously  given  in  CAR  spectroscopy  work. 

The  above  susceptibilicy  is  related  to  the  Raman  cross-section  on 


resonance  by 


-(-) 

Ai!  ' do  ^ 
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where  is  the  Raman  linewidth  (fwhra)  and  (do/dfj)  is  the  measured  Raman 

cross-section  for  a single  polarization  input  and  single  polarization  output. 

We  have  investigated  the  linewidth  of  CAR  spectroscopy  in  gases  in 
detail.  Since  the  scattering  efficiency  varies  as 

" “'as  I^^CArI^ 
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where  N Is  the  density  and  h Is  a focusing  overlap  integral  we  find  that 


in  the  limit  where  the  natural  Raman  lincwidth  or  pressure  broadened  line- 
width  is  greater  than  the  Doppler  width. 


B.  Lincwidth 


To  account  for  Doppler  broadening  in  the  theory  some  care  must  be  taken 

in  the  analysis.  We  proceeded  by  integrating  the  coupled  equations  and 

solving  for  the  generated  anti-Stokes  power  per  molecule.  This  expression 

2 

is  similar  to  that  given  above  but  includes  a sine  phase  synchronism 

factor.  We  then  integrated  over  each  set  of  molecules  belonging  to  a given 
velocity  group.  The  dependence  means  that  the  normal  Maxwell- 

Boltzmann  velocity  distribution  must  be  squared  and  re-normalized.  The  result 
is  a CAR  lincwidth  due  to  Doppler  broadening  that  varies  as 


where  = Ai  and 


V?kT 
Me 


llius  the  Doppler  width  is  determined  by  the  Ram.in  frequency  and  therefore 
is  comparable  to  infrared  Doppler  widths.  Furthermore,  because  of  the 
once  the  Doppler  width  is  reduced  by  1 /s^t?  . 
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c. 


CW  CARS 


In  order  to  accurately  compare  theory  and  experiment  a single  mode 
experiment  must  be  performed.  We  therefore  calculated  the  expected  cw 
conversion  efficiency  for  CARS  assuming  a 1 watt  pump  source  mixing 
with  a cw  dye  laser  beam  (single  axial  mode)  at  1 atm  pressure.  Table  I 
lists  the  molecules  and  spectroscopic  factors  of  interest. 


TABLE  I 

RAI4AN  SFECTROSCCPIC  CCNGTAI.'TS  FOR  and  0^ 


Molecule 

Raman 
Vib_, 
(cm  ) 

State 

CD 

(cm 

1 

B 

® -1 
(cm  ) 

da/dT'  (4880 ) 
2 , 

cm  / sr 

4155.0 

Ql(l) 

4395.2 

60.8 

7.9  X 10"^^ 

^2 

2330.0 

Qi(6) 

2359.61 

2.010 

3.3  X 10"^^ 

°2 

1555-0 

Ql(9) 

1580.36 

1.446 

4.3  X 10~^^ 

The  population  factors  for  the  states  listed  in  Table  I are  : .^(833  ; 
N2  : »0336  ; 0^  : O706  which  gives  a resultant  population  density  of 

: 1.194  X 10^^  ; : 2.045  x 10^®  ; 0^  : 1.7?7  X 10^^  at  STP. 

For  the  cw  dye  experiment  Table  II  lists  the  frequencies  Involved  in 
the  CAR  spectroscopy  experiment. 


TABLE  II 


CARS  : cw  DYE  LASER  EXPERII^l'.I.T 


Molecule 

x/) 

V (cm 
P 

Vg(cm 

V (cm 

£JD 

Xs(A) 

wm 

«2 

nsoo 

20491.8 

16336.8 

24646.8 

6121.2 

4057.3 

5lJ;5 

19436. U 

17106.4 

21766.4 

CO 

4594.2 

°2 

5145 

19436. U 

17881.4 

20991.4 

5592.4 

4763.8 

The  corrected  cross-sections  and  linev/idths  are  shovm  in  Table  III  i 

j 


shown  in  Table  IV. 


TA13LK  rV 


I 


Therefore,  the  cw  experiment  is  easy  to  perform  in  and  somewhat  more 
difficult  to  do  in  and  0^  • However,  the  signal  to  noise  ratio  should 
be  good  under  the  ass':~ed  conditions.  The  experimental  measurements  are 
described  in  the  ction. 

CAR  spec'  , unlike  incoherent  Raman  spectroscopy,  carries  v/ith 

the  scattering  process  the  phase  of  the  fields  involved.  The  CAR  spectro- 
scopy signal  involves  a sum  over  all  pertinant  intermediate  levels  or 

* / AN  X 1 

X = ( r X (CARS) 

- ci^  - 03^)  - ir/2]  k 

where  the  last  term  in  is  the  su.m  over  all  intermediate  states  connecting 

the  initial  and  final  levels.  That  sam  can  be  explicitly  written  in  the  form 

o <fj  iu')|  k > <k|  u,  1 i>  <fl  M I k>  <k]  u,’'j  i>| 

i:(cARs)  E — ^ ^ ^ ^ — 

k k + av, ) 

where  Is  the  dipole  operator.  If",  in  carrying  out  the  CARS 

scattering  experiment,  Ihc  incident  frequency  ca  , is  tuned  near  a resonance 
a^l  then  Uiat  resonance  becomes  t!ie  dominant  term  in  tlie  sum  over  intermediate 
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states.  The  expression  for  the  sa-n  can  then  be  written  in  two  parts  : 
one  due  to  the  resonance  term  and  the  other  to  the  non-resonance  terms. 
Thus, 

<flli"|K  > <k|n  [i  •> 


E(cars) 

2 

k 

- E 

k 


Ki  ■ ">i  - 

<f] Upjk  > < k| i> 
"^i  “ “l 

<fl  I X > <r  K|  Upl  u > 

%i  “2 

1 |2 

I’b  ' ’eI 


In  the  scattering  process,  the  magnitude  of  the  CARS  signal  depends  on  the 

relative  sign  of  v vs  v By  tuning  successively  closer  to  the iesonance, 

the  phase  of  v can  be  compared  to  that  of  y and  from  the  deduced  phase  the 
R E 

relative  sign  of  the  matrix  element  derived.  Experiments  along  this  line  have 

12  1? 

been  performed  by  Vriens  ’ in  atomic  vapors  by  spontaneous  Raman  scattering 
using  an  argon  ion  laser  source. 

III.  SUMMARY  OF  EXPERIMENTAL  RESULTS 


Using  borrowed  lasers  and  detection  equipment  we  have  carried  out  tlie  first 
high  resolution  cw  CARS  spectroscopic  measurements.  Tlie  work  was  performed 
during  a three  month  period  with  most  of  the  results  generated  during  tiie  final 


week. 


Since  these  preliminary  experiments,  we  have  been  de::i('ninr.  and 

completing  a more  sophisticated  experimental  arrangement  for  iiigli  resolution 

cw  CARS  spectroscopy.  The  apparatus  is  now  being  aligned  and  measurements 

should  begin  in  a few  weeks.  A quick  comparison  of  our  previous  temporary  cw 

CARS  experiment  witli  the  present  set  up  is  useful. 

In  our  earlier  experiment  we  had  .6V/  of  argon  ion  laser  power  and 

6 

20  mW  of  cw  dye  j.aser  power.  We  generated  approximately  10  photons  per 

U 

second  at  the  exit  of  the  cell  but  only  detected  approximately  10  photons 

per  second  after  the  filter  and  spectrometer  system.  The  detection  method  used 

direct  photon  counting  with  a cooled  photomultiplier  tube.  In  our  permanent 

set  up  we  have  up  to  b Watts  of  argon  ion  laser  power  and  100  mVJ  of  dye  power. 

The  spectrometer-filter  system  is  two  orders  of  magnitude  more  efficient  and 

the  detection  system  is  phase  sensitive  ’which  allows  signal-to-noise  improvement 

of  approximately  100.  The  net  result  is  an  overall  signal-to-noise  improvement 

of  approximately  10^.  Therefore,  as  impressive  as  our  early  results  were,  we 

expect  to  improve  on  them  dramatically  with  the  present  system. 

In  our  first  experiments  we  detected  and  measured  CARS  signals  in  , 

and  CHj^  . Our  resolution  was  30  MHz  and  signal-to-noise  ratio  was  near  50. 

Linewidths  and  pressure  broadened  lineshapes  were  measured  from  the  Doppler 

broadened  low  pressure  through  the  Dicke  narrowing  range  to  the  pressure  broadened 

regime  at  up  to  20  atm.  Tlie  results  for  H_  and  D„  were  prc.sented  at  the 

£1  d 

1 

Amsterdam  Quantum  Electronics  Conference  and  publi.shed  in  a brief  note.  Tiio 
paper  is  presented  as  Appendix  I of  tiiis  report.  Oui’  methane  measurements  were 
discussed  in  more  detail  in  a short  paper^^  and  are  presented  as  Appendix  II. 
Finally,  collision  narrowing  results  were  discussed  for  11^  and  leading 
to  values  of  diffusion  coefficiently  in  a recent  paper. Tlie  abstract  is  given 
in  Appendix  III. 
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IV.  CONCLUSIONS 


We  pro  now  completi;^  our  cv  CAP.3  experimental  net  up.  I’he  oyr;tem 
will  UGC  a hicL  power  Kr  ion  laser  source  mixing  with  a cavity  du;:ii)ed 
argon  ion  la.ser  pumped  cw  dye  laser.  The  Kr  ion  laser  is  to  operate  in 
a single  axial  mode  with  feedback  control  for  maximum  stability.  We  have 
designed  special  prism  filters  to  eliminate  plasma  light  at  the  laser  output 
and  to  reduce  pump  light  after  the  gas  cell.  The  spectrometer  v’ll  use  a low 
scatter  holographic  grating  for  optimum  sx'cctral  filtering.  TTie  detection 
system  is  a cooled  jjhotom.ultipiier  tube  and  a phase  sensitive  photon  counter 
with  com.puter  ccmpatable  output  . V.'o  plan  tc  interface  the  data  taking  and 
reducing  with  cur  PDPIIKIO  mir.ico.mputer . Finally,  cavity  dumping  of  vse 
argon  ion  laser  is  being  planned  in  order  to  increase  the  peak  power  t,  100  W. 
Tliis  results  in  tw'o  orders  of  r.agnitude  increased  signal  power  for  application 
to  CARS  spectral  measurements  where  the  linewidth  is  broadened  such  as  gases 
at  high  pi-essure,  in  flames  or  liquids. 

We  jjlan  investigations  of  linewidth  lineshape  and  absolute  Raman  frequency 
measurements  of  and  HD.  Following  these  measurements  we  plan  to 

investigate  methane  in  detail  to  resolve  hyperfine  structure.  Using  we 

also  plan  to  .make  a detailed  study  of  C.ARS  for  full  quantitative  verification 
of  the  theory. 

There  is  no  doubt,  based  on  our  previous  meaoui-emonts , that  cw  CARS 
will  be  an  important  high  resolution  tool  in  molecular  s] octroscopy . 
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CW  HIGH  RESOLUTION  CAR  SPECTROSCOPY  OF  H^,  D^, 


by 


AND  CH)^ 


M.  A.  Henesian,  L.  Kulcvskii,  R.  L,  Bycr,  and  R.  L.  Herbst 


We  have  fully  resolved  the  Raman  Q branch  lines  of  H^,  and  CHj^ 

from  0.5  to  15  atm,  using  cw  four-wave  Raman  mixing.  Figure  1 shows  the 

linewidth  vs  pressure  of  the  Q(l)  lil55.2l  cm  ^ line  of  H^  and  the 

Q(2)  2987.18  cm  ^ line  of  at  room  temperature  from  the  pressure 

broadened  regime,  through  the  collision  narrowed  minimum  to  the  CARS 

Doppler  broadened  limit  at  low  pressures.  The  resolution,  limited  by 

the  relative  stability  of  the  single  axial  mode  dye  laser  and  argon-ion 

laser  was  30  MHz.  The  shape  and  minimum  of  the  linewidth  vs  pressure 

curves  agree  with  theoretical  predictions  by  Galatry^  and  by  Rautian  and 
2 

Sobel’iiian  and  with  earlier  experimental  results  at  high  pressure  taken  by 

Javan, ^ using  a stimulated  Raman  gain  measurement  technique  and  by 
I4 

De  Martini  using  pulsed  Raman  mixing. 

The  resolution  of  cw  CAR  spectroscopy  at  low  pressures  is  limited 
by  the  CARS  Doppler  linewidth,  which  is  1/7^  of  the  usual  Raman  Doppler 
linewidth.  For  H^  and  D^  v/e  calculate  a full  width  at  half  maximum  of 
770  MHz  and  39I  MHz,  respectively,  and  for  pure  rotational  Raman,  the  line- 
width  reduces  to  tens  of  megahertz , 

In  Our  experiment  we  mixed  a single  axial  mode  Spectra  Physics  cw  dye 
laser  against  a single  axial  mode  argon-ion  laser,  operating  at  either 
O.U880  pm  or  0. 51**5  P*"*  10  of  input  dye  laser  power  and  610  mW  of 

argon-ion  laser  power  focussed  into  the  gas  sample,  with  an  optical  system 
collection  efficiency  at  the  anti-Stokes  wavelengtii  of  approximately  1 . ’)(7^ 
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for  and  0.55^  for  and  CH^  , the  estimated  photon  count  rates  are 

^ h 5 

2 X 10  Hz  for  at  5 atm,  8.5  X 10  Hz  for  at  J atm,  and  I.I4  X IQ^  Hz 


for  CH,  at  6 atm.  Our  observed  count  rates  were  within  two  orders  of  magni- 
4 

'I  tude  of  the  above  estimates.  Although  cw  CARS  mixing  has  been  observed 

!'  previously,^  this  is  the  first  experii.ient  that  demonstrates  its  potential 

for  ultra-high  resolution  gas  phase  Raman  spectroscopy. 
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cw  high  resolution  CAR  spectroscopy  of  the  Q(i ,) 
Raman  line  of  methane 

M.  A.  Henesian,  L.  Kulevskii,*  and  R.  L.  Bycr 

Applied  rhysus  Ihpiirinunl.  Suinjiird  Ihiiwniiy,  Slanfntd.  Califiimia  WJ05 
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Coherent  anli-Stoket>  Hainan  spectroscopy  offers  the 
possibility  of  oblainiiif;  ltit’,h  resolution  Hainan  spectra 
of  Rases  limited  only  by  tlie  resolution  of  laser  sources. 
Previously  CAH  spectroscopy  has  been  carried  out  us- 
ing hii'.h  petUs  power  laser  sources  to  maintain  high  con- 
version efficiency  but  at  a loss  in  resolution  For 
example,  pulsed  dye  laser  sources  offer  a resolution  of 
0.  1 cm"'  (3000  MHz)  comitared  to  cw  dye  laser  line- 
widths  of  less  than  0.001  cm"'  (30  MHz).  Hcccntly  cw 
CAHS  has  been  used  to  detect  methane'  and  nitrogen^’'' 
and  to  measure  collision  narrowed  linewidths  in  lij  and 

Dj.’ 

Figure  1 shows  a schematic  of  the  experiment  We 
used  a single  axial  mode  Spectra  Physics  cw  dye  laser 
operating  at  0.6054  pm  mixed  against  a single  axial 
mode  Coherent  Hadiation  argon  ion  laser,  operating  at 


0,5145  pm.  The  dye  laser  was  tuned  to  the  .Stokes  fre- 
quency and  collinearly  combined  with  the  argon  ion 
laser  beam  and  focussed  into  the  gas  cell.  We  spent 
considerable  effort  eliminating  the  argon  ion  l.iser  plas- 
ma tube  fluorescence  iirior  to  the  gas  cell  and  lilteriiig 
against  the  0.  5145  pm  light  after  the  gas  cell.  The 
generated  coherent  anti-Stokes  radiation  at  0.4474  pm 
was  detected  with  a cooled  photomultiplier  operating  in 
the  photon  counting  mode  and  monitored  by  a simple 
rate  meter. 

The  line  center  power  conversion  efficiency  for  the 
parametriciilly  generated  anti-Stokes  (r^J  field  in  the 
low  conversion  regime  for  collinearly  pliase  matched 
single  axial  mode  pump  (gpl  and  Stokes  (r,)  laser  fields, 
interacting  with  an  isolated  Ham.in  vibi  .itional  transi- 
tion (p,  = Pj)  is  given  by 


^^;^=2.4976x  10'«(,’yp^;)A.V=(7cr/7.Q)V’(p,)^/;*(r„,t-,,r,)=j  ^ ^ 


1.02G6X  10"“/Ai'|  “homogeneous" 


where  p,,,,  p, , p^  are  in  vacuum  wavenumbers  (cm*'), 
the  thermal  equilibrium  population  difference  A.V 
= .V(p",  </")- .V(p',  7 ')  (cm"’),  ■la/'in  is  the  polarized 
component  of  the  integrated  sponUineous  Hainan  scatter- 
ing cross  section  for  forward  scattering  (cm“/sr/mole- 
cule),  y-’(p^)  is  the  incident  pump  field  power  (W),  is 
an  estimated  interaction  length  (cm)  restricted  by  the 
lightness  of  Stokes  and  pump  field  focusing  to  a value 
less  than  the  shorter  of  the  gas  column  length  or  co- 
herence length,  and  h{r^, , r, , r^)  = i\J(7rr~r^/2)  is  tlic 
“near  field"  focusing  factor  for  lowest  order  Gaussian 
fields  where  also  l/rj,  = 2/r^  i l/r^.  Ap^  or  App  are 
the  Raman  full  width  at  half  nuLxiimim  linewidths  (Hz) 
for  the  homogeneously  broadened  Lorentzian  limit  at 
hipli  pressures  or  the  inhomogeneously  bro.adcned  l)o|)p- 
ler  limit  at  very  low  (irossurcs.  When  collisional  nar- 
rowing effects  at  low  gas  pressures  can  be  neglected,  it 
can  be  shown  that  the  anti-.Stokes  s(>ectrai  density  line- 
shape  function  corresponds  to  the  spontaneous  Hainan 
pressure  broadened  l.orentzian  lincshape  at  high  pres- 
sures and  smoothly  goes  into  a IXtpiiler  broadened 
Gaussian  function  at  very  low  pressures  with  a CAHS 
fXtpplcr  width  that  is  (1A^)Ap„,  where  Ap„  is  the 
spontaneous  Hainan  I)o)ipler  width  for  forward  scatter- 
ing given  by  Ap„  p^[8/,7  ln2/(r|''^,'’  Note  that  for  broad- 
Ixind  laser  sources  the  CAHS  linewidtli,  Ap,  or  Ap,,/v"2, 
must  bo  replaced  with  an  effective  laser  linewidtli  re- 
sulting in  reduced  conversion  efficiency  .iiid  resolution 
capability.  With  iiresimtly  avail.ible  "ultra  high  st.ibiU- 
ty"  narrow  linewidth  cw  dye  laser  sources,  pure  rota- 
tional Hainan  tr.insitions  with  corresponding.  l)op|ili  r 
linewidth  of  less  than  1 MHz  are  potent i. illy  resolvahle 


178x  10"V(App/\'2  )■  "inhomogeneous" 


with  the  C/VHS  technique. 

The  frequency  of  the  (,>(p,)  Raman  transition  of  meth- 
ane is  given  as  2416, 7 cm"'  (vacuum  wavemmibers),^ 
and  we  estimate  'lo/dU-  1.  5x  10"’°  cm^/sr  molecule  at 
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FIG.  2.  CAH.S  spfCli';i  of  Ihi-  V(fr*  Koman  line  of  im'lliane  at 
6.8  atm  witfi  rosolutiott  tiottor  ihaii  -UMI  ,MM/.  (a.  ('12  cm*’). 

ThP  Uaman  fii'(|iioncy  m tltc  i , L’ll'>.7  cm*'  ivnum  ia  incrcas- 

inj>  from  lift  to  riolu. 

0,  5145  pm  for  flip  ptitiro  t^(i',)  hranch  For  10  mW  of 
cw  dye  la.scr  power  {60  54  lu  .\  ;itr,  1G513  0 em"'  vacu- 
um) and  G40  m\V  of  arffon  ion  la.ser  power  (5115.C3  A 
air,  19429.7  cm"'  vactium)  incident  on  the  6 8 atm 
methane  cell  and  focused  with  a 10.  5 cm  lens  to  mini- 
mum spot  radii  of  G and  20  ptn,  respectively,  wo  cal- 
culate a generated  anti-Stokes  (4473  75  .-\  ;tir,  22348.4 
cm"'  vacuum)  power  conversion  efficiency  of  9.04 
X 10"'°  which  corresponds  to  a iteak  count  rate  of  2.03 
X lO’  at  the  exit  window  of  the  cell  This  is  based  on  an 
estimated  tight  focusing  interaction  length  of  1.  5 cm  in 
the  methane  gas. 

The  measured  transmittance  at  the  anti-Stokes  wave- 
length through  the  recollimating  optics,  prism  prefiltor, 
spike  filters  and  1 m grating  spectrometer  was  2.  94 
X 10"^.  With  a photocathode  quantum  efficiency  of  18'c 
at  0.4474  pm,  we  expected  a count  rate  of  1 076 x 10^ 
cps  at  the  photomultiplier.  Our  measured  peak  count 
rate  was  1000  cps  with  a 50  cps  baekground  level.  For 
this  experiment  our  ultimate  laser  limited  resolution 
of  30-50  MHz  wa.s  not  realized  because  of  dye  laser 
axial  mode  “hopping"  instabilities  common  for  wide 
range  scans  of  over  3 GHz. 

Figure  2 shows  the  CIlili'i)  spectra  which  has  a mea- 
sured G GHz.  linewidth.  This  linewidth  agrees  veiw  well 


with  a jirevious  high  re.solution  spectra  taken  by  Clem- 
ents and  Stoicheff  using  a Fabey- Perot  spectrometer 
with  a 0.07  cm"'  resolution.® 

Considerable  imi)rovement  in  the  signal  level  can  be 
obtained  by  improved  spectral  filtering  efficiency 
(~  lOx),  phase  sensitive  detection  in  sychronism  with  a 
chopped  dye  la.ser  (~  10  x)  and  by  resonating  the  single 
mode  pump  laser  field  in  an  external  cavity  around  the 
gas  cell  (~100x).  with  these  experimental  improve- 
ments the  cw  CAR.S  signal  level  should  increase  by  10' 
to  approximately  10®  cps.cwCAfiS  is  a spectroscopic 
technique  that  for  the  first  time  offers  the  capability  of 
fully  resolving  the  Raman  siiecira  of  molecular 
gases. 
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Bulletin  Subject  H'-.adiny, 
in  vhich  I’aper  should  be 
placed 

Raman  Spectroscopy 


B.C.l.  Col  Ij^i  onnl  1 y_  Naju^qvn'(]  l.i  rifn^Kinc  of  Ran.'in  Q Branch 
Tiincs  of  ~ll;»  an<!  M.A.  Hi!i, ;'.o i At , H.L.  liYKH"  , Stanford 

Univcr£-,i  and  B.  K(UiEV;iK  I I , !_rd,c  Idi.,  — 

The  coll  J si  orially  njiTOc'cd  ill  neidrape  of  the  Haman  Q(l) 

U19'3-21  em*'^  line  of  Up  and  the  Q(?)  29oY.l8  cm"  L line  of 
I>2  has  been  investigated  at  room  tempera.ture  from  the  pressure 
broadened  regime,  tlirony/a  the  collision  narrov;ed  minimum,  to 
the  Doppler  broadened  limit  at  lov  pressure  utiliain"  the 
coherent  anti-Stokes  Rama,n  (CARS)  fo\ir  vave  mixinp,  technique. 

'fhe  resolution,  limited  by  the  relative  stability  of  the 
single  axial  mode  dye  laser  and  argon-ion  laser,  vns  better 
than  liO  MH'/, . For  ]\p  v’e  measured  a niiiimum  collision  narrowed 
linev/idth  (FV/HM)  of  290  liHz  at  3.0  atm  and  for  Dp  a minimum 
linewidth  of  260  I-iiiz  oecuring  £it  1,3  atm.  Below  30  atm  ve 
estimate  pressure  broadening  coefficients  of  1.2o  x 10~8  cm"^/atm 
and  3.50  X 10~3  cm“l  atm  and  self-diffusion  coefficients  of 

cm-/S  and  1,M1  cm2/5  for  Hp  and  Dp  respectively.  This  is 
the  first  experiment  performed  that  demonstrates  the  ultra-high 
resolution  potential  for  cw  CARS  in  the  field  of  gas  phase 
Raman  spectroscopy. 

*V.’ork  supported  by  Sloan  Fellowship  19T*t--1976. 
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